The magnitude of T cell responses is determined by proliferation and survival decisions made by the responding cells. We now demonstrate that the Erk MAPK pathway plays a critical role in these cell fate decisions within CD8 T cells. While Erk1 is dispensable for all aspects of CD8 T cell activation, Erk2 is required for the proliferation of CD8 T cells activated in the absence of costimulation. Surprisingly, Erk2 is not required for proliferation following the addition of a costimulatory signal in vitro, or upon viral infection in vivo, but regulates the size of the responding population by enhancing cell survival. An important component of this Erk2-derived signal is the transcriptional regulation of Bcl-2 family members Bcl-x L and Bim, and impaired Erk2-deficient CD8 T cell survival can be rescued by genetic ablation of Bim. These studies ascribe multifaceted functions specific to Erk2 in CD8 T cell activation, proliferation, and survival.
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The MAPKs are evolutionary conserved molecules that regulate key cellular functions such as movement, metabolism, growth, survival, proliferation, and differentiation in a variety of different cell types. The Erks were the first members of the MAPK family to be identified (5) , and since then at least three additional members have been characterized. These include the stress-activated protein kinases (Sapk) or Jnk, p38 kinases, and Erk5 (6) . Erk1 (Mapk3) and Erk2 (Mapk1) are the two main isoforms of the prototypical MAPK Erk. They are ubiquitously expressed serine/threonine kinases that exhibit Ͼ80% homology, are regulated in a similar manner, and have been shown to phosphorylate common substrates (7) . However, despite the fact that these two kinases appear functionally similar and are thought to be interchangeable, the phenotype of mice deficient in either one of these molecules is very different.
Erk1
Ϫ/Ϫ mice are viable and phenotypically normal (8) , whereas even a hemizygous Erk2 deficiency can result in embryonic lethality (9 -12) . This may be due to differences in the relative levels of Erk1 and Erk2 in different tissues or due to functional differences between these two isoforms (13, 14) .
Erk1 and Erk2 are activated in T cells following TCR triggering by a well-studied signaling cascade that involves the sequential activation of the small GTPase Ras, recruitment and activation of Raf-1, phosphorylation of Mek1 and Mek2, and dual phosphorylation of Erk1/2 (7, 15, 16) . Studies using pharmacological inhibitors of the Ras-Erk cascade or mice defective in signaling components upstream of Erk led to the conclusion that Erk was responsible for the differentiation of developing thymocytes during the process of positive selection (15, (17) (18) (19) (20) (21) (22) . Consistent with this hypothesis, the original description of the Erk1 knockout mouse indicated that the absence of Erk1 resulted in impaired positive selection (8) ; however, it has since been shown that Erk1 does not play a major role in positive selection and that the presence of Erk2 is more important for T cell progression through multiple developmental checkpoints, including positive selection (9, 23) .
The Erk pathway is also induced by growth-promoting or mitogenic signals (24) and is necessary for G 1 to S phase progression in a variety of cell types (25) . It has been demonstrated that Mek1/2 inhibitors are capable of inhibiting proliferation of immature and mature T cells in vitro (26, 27) . While the initial characterization of Erk1-deficient mice led to the conclusion that proliferation of thymocytes in vitro was defective in the absence of Erk1 (8) , thymocytes expressing a dominant-negative Mek protein were shown to proliferate normally (22) . Additionally, use of Erk1-deficient mice to study the specific requirement for this kinase in supporting mature CD4 T cell proliferation has yielded contradictory results, with some studies suggesting that proliferation of CD4 T cells in vitro is defective (28) while others have demonstrated normal activation and proliferation (23) . Thus, the importance of Erk in mature T cell proliferation is unclear and, more importantly, the relative roles for Erk1 vs Erk2 in this regard remain unknown.
T cell expansion is typically followed by a contraction phase wherein most of the effector cells undergo apoptosis. T cell apoptosis following acute antigenic stimulation in vivo is primarily the result of an intrinsic apoptosis pathway triggered by a disruption in the integrity of the mitochondrial outer membrane, and members of the Bcl-2 family of proteins are critical regulators of this pathway (29, 30) . The Bcl-2 family can be subdivided into three groups of proteins (31) : prosurvival members containing the BH1-4 domains (Bcl-2, Bcl-x L , Bcl-w, A1, and Mcl1), proapoptotic members containing the BH1-3 domains (Bax, Bak, and Bok), and, lastly, another group of proapoptotic molecules that only contain the BH3 domain (Bim/Bod, Bad, Bik, Bid, Bmf, Hrk, Noxa, and Puma). It appears that the ratio of Bcl-2 and Bcl-x L to that of Bim plays a key role in regulating the survival of T cells (32) (33) (34) , but there is no consensus with regard to the mechanism underlying the ability of Bim to mediate T cell apoptosis. For instance, while cell viability in certain cell types is maintained via the sequestration of Bim to the microtubular dynein motor complex (35) , Bim is normally associated with Bcl-2 and Bcl-x L on the mitochondria of healthy T cells (36) . Additionally, it has been reported that Bim levels are up-regulated following T cell activation (37) , but other studies have led to the conclusion that Bim levels do not change appreciably within activated T cells (33, 34) . Thus, the current notion is that T cell death following acute antigenic stimulation occurs primarily due to a reduction in the levels of Bcl-2 and Bcl-x L (30) .
In this report, we investigated the roles played by Erk1 and Erk2 in the proliferation and survival/death decisions that are made following CD8 T cell activation. We observed that Erk1 was largely dispensable for CD8 T cell proliferation and survival. On the other hand, Erk2 was required for cell cycle initiation in the absence of costimulation, but not following activation with anti-CD3 and anti-CD28 in vitro or viral infections in vivo. Under these conditions, Erk2 was found to determine the magnitude of clonal expansion by regulating the rate of CD8 T cell death.
Materials and Methods

Mice and pathogens
C57BL/6J and Bim
Ϫ/Ϫ mice were obtained from The Jackson Laboratory. We have previously reported the generation of mice harboring the Erk2 conditional allele (9) . The Erk1 Ϫ/Ϫ mice and the dLck-icre mice were kindly provided by Dr. Giles Pages (Nice, France) and Dr. Nigel Killeen (University of California, San Francisco), respectively. For adoptive transfer experiments, lymphocytes isolated from lymph nodes of wild-type (WT) 4 OT-I ϩ or OT-I ϩ Erk2 TϪ/Ϫ mice were injected i.v. into naive congenic B6.PL (CD45.1 ϩ ) mice. In some experiments, donor cells were labeled with CFSE (Invitrogen) before transfer. For in vivo elicitation of T cell responses, mice were infected i.p. with 2 ϫ 10 5 PFU lymphocytic choriomeningitis virus (LCMV-Armstrong), i.v. with 1 ϫ 10 5 PFU vesicular stomatitis virus (VSV-Indiana), or with VSV-expressing OVA (VSV-OVA), as indicated. VSV strains were kindly provided by Dr. Leo Lefrançois (University of Connecticut Health Center). All mice used (except for the Bim Ϫ/Ϫ and Erk2 TϪ/Ϫ Bim Ϫ/Ϫ mice) had been backcrossed to the C57BL/6 background for eight generations or more. The mice were housed and bred at University of California, San Diego, and all animal work was performed in accordance with the institutional guidelines.
Flow cytometry
Lymphocytes were isolated from PBL, lymph nodes, or spleen, and singlecell suspensions were prepared. Cells from PBL and spleen were subjected to RBC lysis using ACK lysis buffer. Approximately 1-2 million cells were then resuspended in FACS buffer and stained with fluorescently conjugated Abs or MHC class I tetramers. For several of the in vitro studies, equal volumes of harvested cells were stained, resuspended in identical volumes of FACS buffer, and run for a fixed amount of time on the FACS. In some experiments, cells were also stained with recombinant human annexin V-PE (Caltag Laboratoties) before analysis by FACS. In other experiments, harvested cells were fixed and permeabilized with 70% ethanol, treated with RNase, labeled with propodium iodide, and analyzed by FACS. All Abs were purchased from BD Pharmingen or eBioscience, and MHC class I tetramers were kindly provided by Dr. Vaiva Vezys and Dr. David Masopust (University of Minnesota) and the National Institutes of Health Tetramer Facility. The data were collected on a FACSCalibur (BD Biosciences) and analyzed using FlowJo software (Tree Star). Cell cycle analyses using propidium iodide (PI) were also performed using ModFit LT software (Verity Software House).
CD8 T cell purification, CFSE labeling, and in vitro stimulation
Single-cell suspensions were made from lymph nodes and spleens. CD8 T cells were purified by positive or negative selection using magnetic beads (Miltenyi Biotec). Purified T cells were labeled with CFSE by suspending them at a concentration of 10 ϫ 10 6 per ml in HBSS containing 1 M CFSE for 10 min at 37°C. In vitro stimulation assays were performed by plating cells in anti-CD3-coated (2.5 ng/well) tissue culture plates. Soluble anti-CD28 (BD Pharmingen) or recombinant human IL-2 (20 U/ml) was also added to wells as indicated. For analyses of IL-2 levels, culture supernatants were harvested at indicated time points and measured using an IL-2 ELISA kit (eBioscience) as per the manufacturer's instructions. In some experiments cells were stimulated with PMA for 15 min, while in others analyzing very early time points postactivation, T cells were activated by adding biotin-labeled anti-CD3 in the presence of anti-CD28, followed by streptavidin crosslinking.
Intracellular IFN-␥ staining
For detection of intracellular cytokines, splenocytes were isolated at day 8 postinfection. They were then cultured with LCMV-derived peptide NP 396 -404 in the presence of monensin (BD Pharmingen) for 5 h. Cells were stained for cell surface Ags, fixed, and permeabilized to detect intracellular IFN-␥ according to the manufacturer's instructions (BD Pharmingen).
Measurement of cytolytic activity
Cytolytic activity was measured using 51 Cr-labeled EL4 cells as targets, with the addition of LCMV glycoprotein-derived peptide. Serial dilutions of effector cells isolated from day 8 LCMV-infected mice (or unimmunized controls) were incubated in 96-well round-bottom plates with 2.5 ϫ 10 
SDS-PAGE and Western blotting
Cells were lysed in a buffer containing 1% Nonidet P-40, 150 mM NaCl, and 50 mM Tris with protease and phosphatase inhibitors (Calbiochem). Protein concentrations were estimated using the Lawry method. Equal amounts were run on 12% SDS-PAGE gels (Invitrogen) and transferred to a polyvinylidene difluoride membrane (Millipore) using a semidry transfer cell (Bio-Rad). Blots were blocked and incubated with the primary Ab at 4°C overnight, or at room temperature for 2 h. The appropriate HRPconjugated secondary Ab was then added for 30 min at room temperature and ECL was used to visualize the proteins. The following primary Abs were used: anti-Erk1/2 (Santa Cruz Biotechnology and Zymed Laboratories), anti-Bim (Sigma-Aldrich), anti-Bcl-2 (BD Biosciences), anti-Bcl-x L (Cell Signaling Technology), Zap70 (BD Biosciences), and PLC␥ (Millipore/Upstate Biotechnology). The secondary HRP-conjugated Abs were obtained from Vector Laboratories or SouthernBiotech. The anti-pS65 Bim primary Ab was generously provided by Dr. Hisashi Harada (Virginia Commonwealth University). For phosphatase treatment, cells were lysed in lysis buffer not containing phosphatase inhibitors. and lysates were then incubated with 20 U of calf intestinal phosphatase in the presence of magnesium for 1 h at 37°C.
BrdU incorporation studies
Mice were injected i.p. with 1 mg of BrdU in PBS. Mice were sacrificed at indicated time points and spleens were harvested. Single-cell suspensions of splenocytes were surface stained with Abs and MHC class I tetramers as described above and then analyzed for BrdU incorporation using a modified procedure of the BD Biosciences BrdU flow kit. In brief, the stained cells were suspended in BD Cytofix/Cytoperm, washed, and stored at Ϫ80°C in freezing media. The next day, the cells were thawed and incubated in BD Cytofix/Cytoperm, treated with DNase, stained with antiBrdU Abs, and analyzed by FACS.
RNA isolation, microarray analyses, and real-time quantitative PCR
RNA was isolated using TRIzol (Invitrogen) or RNeasy (Qiagen) as per the manufacturers' instructions, and treated with DNase (DNA-free kit, Ambion). Microarray analyses were performed by the University of California, San Diego microarray core using the Agilent Mouse 4 ϫ 44K array. These data have been deposited in the European Bioinformatics Institute (EBI) ArrayExpress database (www.ebi.ac.uk/microarray-as/ae/), and the accession number is E-MEXP-1833. For real-time quantitative PCR analyses, extracted RNA was reverse-transcribed using random hexamers and SuperScript III reverse transcriptase (Invitrogen) and the cDNA was amplified and detected using an Mx3005P machine and SYBR Green (Stratagene). Samples were analyzed after normalization to GAPDH or Cph (cyclophilin A). Cph was used as the housekeeping gene in all experiments analyzing a time course of gene expression. As indicated in the figure legends, the levels of gene expression in the Erk-deficient cells were further normalized to the WT controls. The following sets of primer pairs were used: Bim EL : forward, GCCCTGGCCCTTTTGC, reverse, CCGGGAC AGCAGAGAAGATC; Bim L : forward, GACAGAACCGCAAGACAG GAG, reverse, TGGCAAGGAGGACTTGGG; Bim S : forward, TGCGC CCGGAGATACG, reverse, TTCGTTGAACTCGTCTCCGA; Bcl2: forward, ACTTCGCAGAGATGTCCAGTCA, reverse, TGGCAAAGC GTCCCCTC; Bcl-x L : forward, GAATGGAGCCACTGGCCA, reverse, GCTGCCATGGGAATCACCT; Gapdh: forward, CCAGTATGACTC CACTCACG, reverse, GACTCCACGACATACTCAGC; Cph: forward, CACCGTGTTCTTCGACATC, reverse, ATTCTGTGAAAGGAG GAACC.
Results
Erk1 is dispensable for CD8 T cell activation and proliferation
The Erk proteins are necessary for G 1 to S phase progression in a variety of cell types (25) , and studies using Mek inhibitors have pointed to a similar role for them within T cells (26, 27) . There are conflicting data with regard to the role for Erk1 in mature CD4 T cell activation and proliferation (8, 23) , and the function for either Erk1 or Erk2 within mature CD8 T cells remains unknown. Thus, we first examined the effect of an Erk1 deficiency on CD8 T cell activation and proliferation. To visualize cell division, purified CD8 T cells from WT or Erk1-deficient (Erk1 Ϫ/Ϫ ) mice were labeled with CFSE. The cells were cultured in vitro without stimulation or were activated by plate-bound anti-CD3 in the presence or absence of a costimulatory signal, anti-CD28. Cells were harvested at various time points and cell division was assayed by CFSE dilution while survival was assayed using trypan blue exclusion (data not shown) and flow cytometry (Fig. 1A) . We did not observe a difference in CFSE dilution or cell accumulation between the Erk1 Ϫ/Ϫ CD8 T cells and the WT controls at any of the time points and under all conditions tested ( Fig. 1A and data not shown). These results demonstrate that Erk1 is largely dispensable for naive CD8 T cell survival in vitro and for CD8 T cell proliferation and survival following activation.
We then determined the in vivo requirement for Erk1 in CD8 T cell responses by infecting WT or Erk1 Ϫ/Ϫ mice with LCMV and measuring the CD8 T cell response to the NP 396 epitope of LCMV using MHC class I tetramers. We did not observe a difference in the proportion or number of Ag-specific CD8 T cells that were generated at the peak of the primary response to LCMV in the absence of Erk1 (Fig. 1B) . Thus, consistent with the in vitro results, Erk1 was also dispensable for CD8 T cell proliferation and survival in vivo.
Erk2 f/f dLck-icre mice possess normal T cell compartments
We next analyzed the contribution of signals derived from Erk2 to peripheral CD8 T cell activation. Using mice harboring loxPflanked Erk2 alleles (Erk2 f/f ) and a Cre recombinase transgene driven by the Cd4 promoter (Cd4Cre), we previously demonstrated that Erk2 regulates multiple stages of T development (9) . Although mature T cells were present within the secondary lymphoid tissues of these animals, it was possible that they had developed abnormally. Thus, we bred the Erk2 f/f mice to transgenic mice expressing the Cre recombinase under the control of the distal promoter of the mouse Lck gene (dLck-icre) (38) . Here, Cre expression is initiated in thymocytes after positive selection, and by generating Erk2 f/f dLck-icre ϩ (Erk2 TϪ/Ϫ ) mice, we obtained mature T cells that deleted the Erk2 gene after having undergone normal thymic selection. We first examined the CD4 and CD8 T cell compartments present within the primary and secondary lymphoid organs of these animals ( Fig. 2A) . Erk2 f/f and Erk2 ϩ/ϩ ;dLckCre ϩ mice exhibited no differences compared with WT mice (Erk2 ϩ/ϩ ;dLckicre Ϫ ), and they were pooled as littermate controls. The thymii and spleens of the Erk2 TϪ/Ϫ mice were indistinguishable from those of the control littermates ( Fig. 2A) . For unknown reasons, the peripheral lymph nodes of the Erk2 TϪ/Ϫ mice consistently displayed increased cellularity and a smaller proportion of T cells ( Fig. 2A) . However, the net result was a similar number of CD4 and CD8 T cells in the lymph nodes when compared with WT mice. We examined the proportion of naive and effector/memory T cells within secondary lymphoid tissue by analyzing the expression of the activation markers CD62L and CD44. We observed no difference in the proportion of CD62L low CD4 and CD8 T cells (data not shown), but there was a slight but consistent increase in the proportion of CD44 high CD8 ϩ T cells, particularly in the spleens of the Erk2 TϪ/Ϫ animals ( Fig. 2B ). The proportion of T cells expressing markers of recently activated cells such as CD25 and CD69 were comparable between the WT and Erk2 TϪ/Ϫ mice (data not shown).
Thus, Erk2
TϪ/Ϫ mice appeared normal for the most part, and the finding that the thymus composition was unaltered confirmed that Erk2 was not deleted before positive selection. To determine whether Erk2 was deleted within the peripheral T cells, we purified 
CD4 and CD8 T cells from the lymph nodes and spleens of the
Erk2
TϪ/Ϫ mice and subjected them to Western blot analyses (Fig.  2C) . The studies clearly demonstrated efficient deletion of Erk2 and elimination of protein within peripheral CD8 T cells and provided us with an ideal system to study peripheral CD8 T cell activation in the absence of Erk2. Consistent with the original description of this 3779 line of dLck-icre mice, deletion was not as efficient within the CD4 T cell subset (38) .
Activation of Erk2 TϪ/Ϫ CD8 T cells in vitro
We determined the requirement for Erk2 in the activation of CD8 T cells following stimulation of the TCR in the absence (anti-CD3 alone) or presence of a costimulatory signal (anti-CD3 ϩ anti-CD28). To this end, CD8 T cells were purified from the secondary lymphoid organs of Erk2 TϪ/Ϫ and WT littermate controls, labeled with CFSE, and were either left unstimulated or were stimulated as indicated. The number of WT and Erk2 TϪ/Ϫ cells recovered from culture when left unstimulated was similar (Fig. 3A, top panels) , suggesting that Erk2 does not regulate naive CD8 T cell survival under resting conditions in vitro. In keeping with the well-defined role for Erk as a master regulator of cell cycle initiation (25) , stimulation of CD8 T cells with anti-CD3 alone resulted in markedly reduced proliferation of Erk2 TϪ/Ϫ CD8 T cells when compared with the WT cells (Fig. 3A, middle panels) . This impaired proliferation was also observed when the cells were stimulated with higher concentrations of anti-CD3 or when DNA synthesis as measured by [ 3 H]thymidine incorporation was used as a readout of proliferation (data not shown). Surprisingly, following stimulation with anti-CD3 and anti-CD28, we observed no change in the division profiles on days 1 (data not shown) 2, 3, and 4 ( Fig. 3A , lower panels) in the absence of Erk2. While the numbers of surviving Erk2 TϪ/Ϫ CD8 T cells appeared identical to those of WT cells on days 1 (data not shown) and 2 ( Fig. 3A) postactivation, we observed an ϳ2-fold reduction in Erk2 TϪ/Ϫ CD8 T cell recovery at day 3. This reduced survival was more evident by day 4, when the recovery of Erk2 TϪ/Ϫ cells was substantially diminished compared with WT controls. Identical results with regard to cell recovery and viability were obtained by cell counts and trypan blue exclusion (data not shown). These data pointed to a critical role for Erk2 in maintaining cell survival within proliferating effector CD8 T cells.
We then analyzed early activation events such as the up-regulation of CD25 (IL-2R␣) and CD69 on the surface of the activated CD8 T cells. Stimulation with anti-CD3 alone resulted in the upregulation of CD69 and CD25 on far fewer Erk2 TϪ/Ϫ cells when compared with the WT cells (Fig. 3B) . In contrast, following stimulation with anti-CD3 and anti-CD28 (Fig. 3C) , most WT and Erk2 TϪ/Ϫ CD8 T cells up-regulated CD69 and CD25. However, the levels of these molecules present on the Erk2 TϪ/Ϫ CD8 T cells were lower when compared with those on their WT counterparts at all time points studied. Thus, the relative requirement for Erk2 in supporting CD8 T cell activation, proliferation, and survival was dependent on the nature of the activating stimulus.
Increased death of in vitro activated CD8 T cells in the absence of Erk2
Our results led to the conclusion that the phenotype observed following stimulation of Erk2 TϪ/Ϫ cells with anti-CD3 and anti-CD28 was due to an imbalance of the signals that regulate cell survival vs death. To directly determine whether the Erk2 TϪ/Ϫ CD8 T cells were undergoing apoptosis at an increased rate at later time points, we used annexin V binding to directly visualize the dying cells (Fig. 4A) . At day 2 poststimulation with anti-CD3 and anti-CD28, we observed few WT and Erk2 TϪ/Ϫ cells that bound annexin V. By day 3, although the number of dying cells had increased in both populations, the Erk2 TϪ/Ϫ cells now exhibited a 2-fold increase compared with the WT cells. We confirmed these results by using PI to measure cell cycling and cell death (Fig. 4B) . In corroboration of the CFSE studies, WT and Erk2 TϪ/Ϫ populations possessed a similar proportion of live cells at the different stages of cell cycle at day 2. Furthermore, similar to the results obtained using annexin V, we observed few subdiploid or dead cells (expressed as percentage of total events) at day 2. However, by day 3 there was a 2-fold increase in the subdiploid peak in the Erk2 TϪ/Ϫ group when compared with the WT cells at the same time point. The increased death in the Erk2 TϪ/Ϫ cells was accompanied by a loss in the proportion of dividing cells, again suggesting that Erk2 promotes survival of proliferating CD8 T cells.
IL-2 is an important growth and survival factor for T cells in vitro (39) , and Erk activity is thought to be essential for transcription of the IL-2 gene (40) . Hence, we determined whether CD8 T cells were capable of producing IL-2 in the absence of Erk2. We measured IL-2 levels within the culture supernatants or WT and Erk2 TϪ/Ϫ CD8 T cells following stimulation with anti-CD3 and anti-CD28. Consistent with previous observations (41), IL-2 production by WT CD8 T cells peaked at early time points postactivation and then declined quite rapidly (Fig. 4C) . Analyses of the Erk2 TϪ/Ϫ cell supernatants revealed a severe defect in IL-2 production at all time points assayed. Previous work has demonstrated that IL-2 is not required for the initiation of cell cycling within CD8 T cells, but it supports their survival at later stages of proliferation (42) . We wondered whether the decreased survival exhibited by the Erk2 TϪ/Ϫ cells in vitro could be explained solely on the basis of decreased IL-2 production. To test this, IL-2 was added to WT and Erk2 TϪ/Ϫ cell cultures during activation, and the numbers of cell divisions and cell viability were measured as before. The addition of IL-2 was capable of rescuing impaired Erk2 TϪ/Ϫ cell survival at day 3, but not at a later time point (Fig.  4D, left panels) TϪ/Ϫ cells in the same wells (Fig. 4D, right panels) . Thus, the reduced survival displayed by the Erk2 TϪ/Ϫ CD8 T cells at later time points postactivation in vitro cannot be explained strictly on the basis of altered cytokine production and must include a cell-intrinsic defect.
Erk2 is required for activated CD8 T cell survival in vivo
To determine whether we could observe a similar role for Erk2 during immune responses in intact animals, we immunized WT or Erk2 TϪ/Ϫ mice with LCMV and sacrificed mice at days 5 and 8 postinfection. Day 5 postinfection was the earliest time point at which it was possible to easily visualize a substantial population of LCMV-specific CD8 T cells using class I tetramers. At this time point, the Erk2 TϪ/Ϫ mice had mounted a strong CD8 T cell response to LCMV (Fig. 5A, top panels) , but already appeared to possess slightly reduced proportions and numbers of LCMV-specific CD8 T cells. However, by the peak of the proliferative phase (day 8), there was a dramatic reduction in the proportion as well as the absolute number of NP 396 -specific CD8 T cells present within the spleens of Erk2 TϪ/Ϫ mice (Fig. 5A, bottom panels) . The fold expansion for the Erk2 TϪ/Ϫ NP 396 -specific CD8 T cell population between day 5 and day 8 was only 6-fold compared with the ϳ22-fold increase displayed by the WT cells. In contrast to this impressive phenotype that was observed in the absence of Erk2, CD8 T cell responses within secondary lymphoid tissues of mice deficient in IL-2 or CD25 are only marginally impaired (42, 43) . This is consistent with the notion that the Erk2 TϪ/Ϫ phenotype is not merely due to a reduction in IL-2 production. We also confirmed these results by tracking the GP 33 -specific CD8 T cell response using class I tetramers (data not shown). Thus, following a viral infection in vivo, all responding CD8 T cells displayed considerable dependence on Erk2 for optimal expansion.
Although Erk2 clearly affected the survival but not the extent of cell division following in vitro stimulation, we sought to distinguish between these two aspects of expansion in vivo. We could not assess the proportion of dying cells, presumably due to the rapid engulfment associated with apoptosis; however, we determined the proportion of dividing cells by measuring the incorporation of BrdU into the DNA of dividing cells. Groups of WT and
Erk2
TϪ/Ϫ mice were injected with BrdU at day 4.5 or day 7.5 postinfection. The mice were then sacrificed ϳ16 h later (i.e., day 5 and day 8), and BrdU incorporation was measured using flow cytometry. The results showed that similar proportions of the WT and Erk2 TϪ/Ϫ NP 396 -specific cells had incorporated BrdU during the 16-h labeling period at day 5 (data not shown) as well as on day 8 (Fig. 5B) . This demonstrated that even during the latter stages of the expansion phase, just before the expansion peak, LCMV-specific Erk2 TϪ/Ϫ CD8 T cells were synthesizing DNA at a rate that was equivalent to the WT population. We conclude that Erk2 plays an important role in maintaining CD8 T cell survival, but not cell division, during the latter stages of the expansion phase in vivo.
We next examined the functional capacity of the responding CD8 T cells that were generated in the absence of Erk. Quantification of the LCMV-specific CD8 T cell response using intracellular IFN-␥ staining (Fig. 5C ) demonstrated a similar fold decrease of Erk2 TϪ/Ϫ T cells as had been observed using MHC class I tetramer staining. This result indicated that the responding Erk2 TϪ/Ϫ NP 396 -specific cells were proficient at effector cytokine (IFN-␥) production. Measurement of CD8 T cell cytotoxic activity at the peak of the response (day 8) revealed lower CTL activity within Erk2 TϪ/Ϫ mice (Fig. 5D, left panel) . However, this decrease was due to the reduced numbers of peptide-specific cells within Erk2 TϪ/Ϫ mice, as we observed no difference in CTL activity after normalizing for the actual number of Ag-specific cells present within each well (Fig. 5D, right panel) . IFN-␥ production and CTL activity were also completely normal within Erk1 Ϫ/Ϫ mice (Fig.  5D ), suggesting that CD8 T cells are capable of differentiating into functionally competent effector cells even in the absence of Erk1 or Erk2.
To generalize our conclusions to other CD8 T cell responses in vivo, we infected WT or Erk2 TϪ/Ϫ mice with VSV and analyzed the responding CD8 T cells using MHC class I tetramers specific for a peptide derived from the VSV nucleocapsid protein (RGYVYQGL). At an early time point (day 4) before the peak of expansion, we observed identical percentages of VSV-specific CD8 T cells in peripheral blood, demonstrating that early expansion in the absence of Erk2 proceeded normally (Fig. 6A, left  panel) . Similar to the results obtained using LCMV, by the peak of the anti-VSV response (days 6 -7), there were dramatically reduced proportions and numbers of the VSV-specific CD8 T cells in the blood (Fig. 6A, right panel) and spleens (Fig. 6B) of Erk2 TϪ/Ϫ mice. We note that the requirement for Erk2 in supporting cell survival was only observed during the expansion phase, and not during the contraction phase. In fact, we observed a slightly reduced contraction (when normalized to the peak of expansion) in the absence of Erk2 (Fig. 6A, right panel) and are currently in the process of determining the relevance of these results. As mentioned earlier, T cells were the only cells that were Erk2-deficient within the conditional knockout Erk2 TϪ/Ϫ mice. Nonetheless, to ensure that the results that we had obtained were solely due to an Erk2 deficiency within the CD8 T cell compartment, we performed the following set of experiments. We generated TCR transgenic mice on the Erk2 endogenous (control) populations at the peak of the response (day 6) were visualized using the congenic marker and class I tetramers, respectively (Fig. 6C) . Consistent with all of our earlier results, we again observed diminished accumulation of the OT-I ϩ Erk2 TϪ/Ϫ cells at the peak of the response compared with the WT OT-I cells. As expected, the size of the control (endogenous) responding population in both groups of mice was similar. We also confirmed our conclusion that cell division proceeds normally in the absence of Erk2 by transferring a higher number (0.5 ϫ 10 6 ) of CFSE-labeled WT or Erk2
TϪ/Ϫ
OT-I cells and analyzing their division profiles at 48 h postinfection with VSV-OVA (Fig. 6D) .
Erk2 regulates expression of the Bcl-2 family of proteins
Since the in vivo results mirrored our in vitro observations, we made use of the in vitro system to delineate the molecular pathways downstream of Erk2 that enhanced CD8 T cell survival. We performed microarray analyses on RNA isolated from WT and Erk2 TϪ/Ϫ cells that had been stimulated with anti-CD3 and anti-CD28 for 2 days. We chose the day 2 time point because this was the last time point at which the viability and proliferation of WT and Erk2 TϪ/Ϫ CD8 T cells were identical (Fig. 3A) . As mentioned above, the Bcl-2 members Bcl-2, Bcl-x L , and Bim are thought to be the key regulators of T cell survival, and microarray analyses from two independent experiments revealed reduced expression of the prosurvival members (Bcl-2 and Bcl-x) and increased levels of the proapoptotic member (Bim) within the Erk2 TϪ/Ϫ CD8 T cells when compared with the WT controls (Fig. 7A) . Importantly, these differences were not observed within similarly stimulated Erk1 Ϫ/Ϫ CD8 T cells, indicating that this alteration in gene expression was specific to Erk2. Furthermore, no such changes were observed within the Erk2 TϪ/Ϫ CD8 T cells before stimulation (Fig. 7A) .
We then used quantitative real-time PCR to measure the levels of Bcl-2, Bcl-x L , and the three isoforms of Bim in the day 2 activated WT and Erk2 TϪ/Ϫ CD8 T cells. Consistent with our microarray studies, we observed reduced levels of Bcl-2 and Bcl-x L , along with increased levels of Bim within the Erk2 TϪ/Ϫ cells (Fig.  7B) . We next determined whether the observed alterations in gene expression were also manifest at the protein level. To this end, WT and Erk2 TϪ/Ϫ CD8 T cells were activated with anti-CD3 and anti-CD28, harvested at days 2 and 3 postactivation, and cell lysates were probed for Erk1/2, Bcl-2, Bcl-x L , and Bim by Western blotting (Fig. 7B) . PLC␥ and Zap70 were used as loading controls. As expected, upon blotting for Erk1 and Erk2, we did not observe any Erk2 protein in the Erk2 TϪ/Ϫ cells at all time points. This result demonstrated that the normal proliferation that was observed in the absence of Erk2 was not due to a few cells that may not have deleted the Erk2 gene. A comparison of Bcl-2 levels within activated WT and Erk2 TϪ/Ϫ CD8 T cell lysates revealed variable results wherein the levels of Bcl-2 present within the Erk2 TϪ/Ϫ cells were decreased to a greater extent in some (data not shown) but not all experiments (Fig. 7C) . In contrast, we consistently observed reduced induction of Bcl-x L within Erk2 TϪ/Ϫ cells, and the most striking result was obtained when we examined the levels of the proapoptotic molecule Bim. Based on the current understanding of Bim regulation in T cells and our experiments measuring Bim transcripts, we expected Bim levels within activated WT CD8 T cells to remain unaltered but to be up-regulated within the Erk2 TϪ/Ϫ cells. To our surprise, we observed that Bim levels were reduced in WT CD8 T cells at 48 h postactivation but resumed higher levels by 72 h (Fig. 7C) . In contrast, Erk2 TϪ/Ϫ CD8 T cells maintained high levels of Bim throughout. Additionally, the levels of Bim were also higher within Erk2 TϪ/Ϫ CD8 T cells that had been activated for 2 days in the presence of IL-2, as compared with the WT controls (data not shown).
Analyses of Bim EL transcripts at different time points postactivation revealed a dramatic down-regulation of Bim expression following stimulation of WT CD8 T cells (Fig. 7D) . Interestingly, Bim levels were also down-regulated within the Erk2 TϪ/Ϫ cells at 24 h poststimulation, albeit not to the same level as that observed within the WT cells. Furthermore, at 48 h poststimulation, the Erk2 TϪ/Ϫ cells contained far greater levels of Bim EL transcripts (Fig. 7D) . Similar results were obtained on measuring the levels of Bim L and Bim S transcripts (data not shown) and demonstrated that an important facet of Erk2 signaling is the inhibition of Bim expression in activated T cells.
The accelerated kinetics of Bim transcript up-regulation observed in the activated Erk2 TϪ/Ϫ CD8 T cells are consistent with studies demonstrating a role for Erk in fibroblast and epithelial cell survival by preventing de novo Bim reexpression following the withdrawal of survival factors (44, 45) . However, others have also demonstrated that Erk-mediated phosphorylation of Bim EL and perhaps Bim L leads to their ubiquitination and degradation (44, 46) . In light of these studies, we wanted to investigate the Erk2-dependent posttranslational regulation of Bim. We assayed Bim levels at earlier time points postactivation with anti-CD3 and anti-CD28, and observed Bim down-regulation within WT, but not Erk2 TϪ/Ϫ , cells (Fig. 7E) . Phosphorylation of Bim EL following PMA stimulation of thymocytes and splenocytes has been shown to result in a marked retardation of mobility on SDS-PAGE gels (47) , and while we did observe a Bim EL band of slightly reduced mobility at 6 h poststimulation of WT and Erk2 TϪ/Ϫ cells with anti-CD3 and anti-CD28 (Fig. 7E) , the mobility shift was marginal. Furthermore, treatment of the lysates with a phosphatase did not alter this shift, and the use of Abs that recognize the Erkphosphorylated Ser 65 residue of Bim (46) yielded negative results (data not shown).
As a positive control we stimulated WT CD8 T cells with PMA and observed a Bim EL band of reduced mobility (Fig. 7F) that was not present in phosphatase-treated cell lysates. This indicated that the shifted band corresponded to a phosphorylated form of Bim EL , and we confirmed this result by blotting with the anti-pS65 Ab (Fig. 7F) . However, this phosphorylated band was also present in the PMA-stimulated Erk2 TϪ/Ϫ cells, suggesting that PMA stimulation led to the Erk2-independent phosphorylation of S65. We next examined Bim phosphorylation at 2, 5, or 15 min following anti-CD3 and anti-CD28 stimulation and failed to observe Bim EL phosphorylation at any time point, as judged by a lack of mobility shift and the absence of a band following blotting with anti-Bim or anti-pS65, respectively (Fig. 7G) . We also did not observe Bim EL phosphorylation in either WT or Erk2 TϪ/Ϫ cells following stimulation with a 100-fold higher concentration of anti-CD3 in the presence of anti-CD28 (data not shown). In summary, we were unable to detect Erk2-dependent posttranslational regulation of Bim even following superoptimal stimulation of CD8 T cells with anti-CD3 and anti-CD28. Importantly, we did observe a critical role for Erk2 in inhibiting the expression of Bim transcripts under these conditions.
Rescue of impaired Erk2
TϪ/Ϫ CD8 T cell survival by Bim deficiency As described above, the ratio of Bcl-2 and Bcl-x L to that of the proapoptotic member Bim appears to regulate T cell survival and death. Our results indicate that Erk2-mediated regulation of these key Bcl-2 family members led to a ratio in favor of the proapoptotic molecule Bim in the absence of Erk2. To determine whether it was possible to shift this balance and thus rescue the survival defect observed in Erk2 TϪ/Ϫ CD8 T cells, we generated mice that were deficient for both Erk2 and Bim (Erk2 (Fig. 8A, top panel) that appears to be related to their mixed genetic background. However, at days 3 and 4 (Fig. 8A , middle and bottom panels), consistent with our previous observations, survival of proliferating Erk2 TϪ/Ϫ cells was greatly impaired. As expected, the Bim Ϫ/Ϫ cells displayed a survival advantage compared with the WT cells, but, more importantly, the Erk2 TϪ/Ϫ Bim Ϫ/Ϫ cell population displayed proliferative and survival characteristics not substantially different from Bim Ϫ/Ϫ cells. These data show that in the absence of Bim, Erk2 is dispensable for T cell survival and expansion, and they support the hypothesis that Erk2 regulates the survival of proliferating CD8 T cells, at least in part, by regulating the ratio of proapoptotic and prosurvival Bcl-2 family members. 
Discussion
The factors driving T cell activation and expansion are several and include both positive and negative regulators. As a result, the cell fate decisions made by activated T cells are the outcome of an integration of signals originating from a variety of different signaling cascades. In this report, we have demonstrated that Erk2 plays a key role in regulating the expansion phase of T cell responses (Fig. 8B) . Consistent with the extensive literature pointing to an indispensable role for Erk in cell cycle entry (24, 25) , we observed that Erk2 was essential for CD8 T cell proliferation following stimulation of the TCR alone. In contrast, we found that the provision of a costimulatory signal obviated the need for Erk2 in initiating cell cycle progression. These results were confirmed by assaying Ag-specific CD8 T cell responses to different viral pathogens in vivo. Given that Erk1 and Erk2 appear similar in most aspects, the presence of Erk1 might be sufficient to drive cell division under these conditions. However, we observed no defect in Erk1 Ϫ/Ϫ CD8 T cell proliferation even in the absence of costimulation. There are two potential explanations for the preferential dependence of CD8 T cells on Erk2. The first is that this is a consequence of differences in the expression levels of Erk1 and Erk2, with Erk2 being expressed at much higher levels (14) . The alternative explanation is that there exist functional differences between these two Erk isoforms (13) , as has been reported for the Jnk1 and Jnk2 MAPK isoforms during CD8 T cell responses (48, 49) .
As mentioned above, CD8 T cells that were activated in the absence of Erk2 using anti-CD3 and anti-CD28 proliferated normally, but under these conditions Erk2 delivered an indispensable survival signal to the proliferating cells (Fig. 8B) . Our preliminary studies analyzing Erk1 ϩ/Ϫ Erk2T Ϫ/Ϫ CD8 T cells indicate that survival of these cells is impaired to a greater degree than in the absence of Erk2 alone (our unpublished observations). This suggests that the functions of Erk1 overlap those of Erk2, and that the extent of Erk signaling is a determining factor in the size of the T cell expansion in response to pathogen challenge. An important T cell growth and survival factor is IL-2, and we observed that the Erk2 TϪ/Ϫ cells displayed greatly impaired production of IL-2 at all time points examined. This finding is likely due to the fact that Erk is thought to be required for the expression of Fos family members, formation and stabilization of AP-1 complexes, and subsequent IL-2 production (40, 50) . In support of this conclusion, we observed dramatically reduced levels of c-Fos, Fra-1, and Fra-2 in the absence of Erk2 (our unpublished observations). Despite this fact, we noticed no difference in the ability of the Erk2 TϪ/Ϫ cells to proliferate normally, consistent with studies demonstrating that IL-2 is not required for the initiation of CD8 T cell proliferation (42) . However, in contrast to the relatively normal CD8 T cell responses that are observed within secondary lymphoid tissues of mice deficient in IL-2 or CD25 (42, 43, 51) , Erk2 Ϫ/Ϫ mice exhibited greatly impaired primary CD8 T cell responses in vivo. These data strongly suggest that the diminished survival exhibited by CD8 T cells in the absence of Erk2 could not be explained solely on the basis of a reduction in IL-2 production. Consistent with this conclusion, we only observed partial rescue of Erk2 TϪ/Ϫ CD8 T cell survival following the provision of exogenous IL-2 or following coculture with WT CD8 T cells.
It has been demonstrated that the programming of CD8 T cell expansion during the priming phase allows for extended proliferation even after removal of the activating stimuli (52) (53) (54) . We demonstrated that survival, not cell division, was impaired in the absence of Erk2, and the simplest explanation is that continued Erk signaling determines the extent of T cell expansion. However, it is possible that the level of Erk2 signaling during the priming phase programs the subsequent survival rate, and we are currently developing the tools to address this issue.
We note that other molecules implicated as upstream or downstream members of the Erk cascade appear to play an analogous role in supporting CD8 T cell survival. For example, in marked similarity to our results, Altman and colleagues have suggested that PKC-dependent activation of Erk and Jnk promotes in vitroactivated CD8 T cell survival by negatively regulating Bim EL (55) . However, reports that CD8 T cell responses to different viral infections in vivo proceed normally in the absence of PKC (56) suggests that other signals overcome the requirement for PKC for optimal MAPK activation in vivo. The Ras-guanyl nucleotide exchange factor RasGRP1 is an important constituent of the TCR signaling machinery that leads to the activation of the Ras-Erk cascade (57) . As a result, RasGRP1-null CD8 T cells undergo normal early activation events in response to Ag, but fail to sustain proliferation (58) . Id proteins (Id1-Id4) are a group of proteins that alter gene expression by inhibiting the activity of the E-box protein transcription factors (59) . The Ras-Erk cascade has been shown to lead to the induction of Id proteins such as Id3 in thymocytes (60) , and CD8 T cells deficient in Id2 display a survival defect that mirrors that seen in the Erk2 TϪ/Ϫ CD8 T cells (61) . Although these observations suggested that the Erk2-driven survival signal might proceed via Id2, our preliminary results revealed no significant differences in the levels of Id2 in the activated WT and Erk2 TϪ/Ϫ cells (our unpublished observations).
The current notion that Bim levels within activated T cells remain unchanged is based primarily on studies investigating Bim levels at the peak of the expansion phase (30) . We also confirmed that Bim is expressed at high levels at later time points postactivation but obtained the unexpected finding that Bim levels are dramatically down-regulated in WT CD8 T cells at early time points postactivation. Similar observations were made by Sabbagh et al. upon measuring the levels of Bim in activated OT-I CD8 T cells (62) . Thus, although apoptosis occurring during the contraction phase is likely the result of reduced levels of the antiapoptotic molecules as has been suggested, we have now provided evidence that the transcriptional down-regulation of proapoptotic molecule Bim regulates CD8 T cell survival during the expansion phase. Consistent with this hypothesis are the observations that the withdrawal of survival factors from other cell types can lead to the expression of Bim and apoptosis (44) . Importantly, in fibroblasts, the activation of Erk during serum withdrawal correlated with reduced Bim levels, whereas inhibition of Erk signaling led to an increase in Bim message (45) . The question then arises as to the mechanism of Erk-mediated regulation of Bim transcription. It has been demonstrated that the withdrawal of cytokines leads to the activation of the forkhead box O transcription factor FoxO3 (FKHRL1), which then directly up-regulates Bim transcription (63) . It has also been reported that Erk regulates FoxO1 activity by phosphorylation (64) , and very recent work has demonstrated a direct role for Erk in the phosphorylation and degradation of FoxO3 (65) . Thus, it is tempting to speculate that Erk regulates Bim transcription via the FoxO transcription factors. In addition to a role for Erk in the regulation of Bim transcription, it has been demonstrated that growth factor stimulation of various cell types leads to an Erk-mediated posttranslational regulation of Bim (44) . However, we were unable to visualize Bim phosphorylation following stimulation of WT peripheral CD8 T cells with anti-CD3 and anti-CD28 and observed no requirement for Erk2 in the phosphorylation of Bim that occurred following stimulation with PMA. These data indicate that the levels of Bim in CD8 T cells are not substantially reduced by posttranslational modifications mediated specifically by Erk2.
The activation of the Erk MAPK is a focal point of signaling in most cell types, and it is interesting to note that Ͼ150 molecules have already been identified as putative Erk substrates (7) . As a result, it might be expected that Erk can mediate cell fate decisions via several different mediators, only a handful of which we have identified herein. Experiments are underway to identify other potential pathways downstream of Erk within activated T cells and to determine the extent to which it might be possible to manipulate these signals in vivo. Such studies will greatly enhance the development of novel strategies aimed at enhancing or inhibiting CD8 T cell responses in a therapeutic setting.
